A polymer solar cell based on poly(3-hexylthiophene) (P3HT)/iron disulfide (FeS 2 ) nanocrystal (NC) hybrid is presented. The FeS 2 NCs of 10 nm in diameter were homogeneously blended with P3HT to form an active layer of a solar cell. An extended red light harvesting up to 900 nm resulting from the NCs in the device has been demonstrated, compared to a typical absorption edge of 650 nm of a pristine P3HT. The environmentally friendly and low-cost FeS 2 NCs can be used as a promising candidate for an acceptor in the polymer solar cell device application with an enhanced photovoltaic response in the extended red light region.
Introduction
In the last decade, polymer solar cells offered the opportunity for fabrication of low-cost, large-area, mechanically flexible photovoltaic devices [1, 2] . Semiconductor nanocrystals (NCs) have been incorporated into conjugated polymers to form bulk heterojunction (BHJ) solar cells which consist of an electron-accepting network of nanocrystals formed randomly within the polymer matrix (donor).
Various semiconductor NCs have been used in polymer/inorganic hybrid solar cells [3] [4] [5] [6] [7] . Alivisatos et al have demonstrated poly(3-hexylthiophene) (P3HT)/CdSe nanorod hybrid solar cells with a promising power conversion efficiency of 1.7% [3] . Recently, we have also demonstrated a power conversion of 2.2% for a polymer photovoltaic device based on P3HT/TiO 2 nanorod BHJs [5] . While moderate success has been achieved in polymer/inorganic NC hybrid solar 6 The authors contributed equally in this work. 7 Authors to whom any correspondence should be addressed cells in the visible region, another promising approach involves the incorporation of narrow bandgap PbS and PbSe NCs to sensitize the photovoltaic devices in the infrared region. Sargent et al have demonstrated a photovoltaic device based on poly(2-methoxy-5-(2 -ethyl)(hexyloxy)1,4-phenylenevinylene) (MEH-PPV)/PbS NC hybrid and a maximum internal quantum efficiency of 0.006% has been achieved [6] . Xu et al have reported a photovoltaic response of the device based on P3HT/PbSe NC hybrids with a power conversion efficiency of 0.14% [7] . However, the use of toxic elements such as Cd or Pb remains a limitation as the environmental issues need to be addressed. In this paper, we report a photovoltaic device based on a hybrid material consisting of P3HT and iron disulfide (FeS 2 ) NCs. Iron disulfide (FeS 2 ), which is a pyrite structure, has a large optical absorption coefficient (6.0 × 10 5 cm −1 ) and a narrow bandgap of 0.95 eV [8] [9] [10] can exhibit an extended red light harvesting up to 900 nm compared to the typical absorption edge of 650 nm of P3HT. The increased photovoltaic response in the extended red region of the P3HT/FeS 2 NC hybrid device provides a new method for fabricating low-cost and environmentally friendly polymer/inorganic hybrid solar cells.
Experimental details
The FeS 2 NCs were prepared by wet solution phase chemical syntheses with some modifications [11] . In brief, 63 mg of FeCl 2 , 129 mg of 1,2-hexadecanediol and 10 ml of oleylamine were mixed and then reacted under N 2 gas at 100
• C for 1 h to form the Fe-oleylamine complex. Afterward, 5 ml oleylamine solution of sulfur (96 mg) was quickly injected into the solution. The resulting solution was heated to 220
• C and kept for 1 h. After the solution was cooled to room temperature, a large amount of methanol was added to precipitate FeS 2 NCs followed by centrifugation. The solid product was dispersed very well in chloroform. Figure 1 (210), (211), (220) and (311) planes of FeS 2 , respectively, which match well with the standard diffraction data of FeS 2 pyrite (JCPDS no. 42-1340). For the preparation of P3HT/FeS 2 NC hybrid materials, the FeS 2 NCs were added to P3HT 10 mg ml −1 (Aldrich, Inc.) polymer solution (a weight ratio of P3HT:FeS 2 = 2:1) in chloroform to make the P3HT/FeS 2 NC hybrid. We have further examined the dispersion behavior of FeS 2 nanocrystals embedded in P3HT. Figure 3 shows the TEM image of a microtomed slice of the P3HT/FeS 2 NC hybrid film, indicating that the FeS 2 NCs were dispersed well and embedded in the P3HT polymer quite uniformly.
For the photovoltaic device fabrication, a 40 nm thick layer of poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) (Baytron P 4083) was spin-cast onto the indium-tin-oxide (ITO) substrate at 300 rpm for 5 s and 5000 rpm for 1 min, followed by baking at 120
• C for 30 min. To fabricate the active layer, the P3HT/FeS 2 NC hybrids were prepared as described above. Then, a thin active P3HT/FeS 2 NC hybrid layer with a thickness of about 80-100 nm was deposited by using spin-coating at 1000 rpm for a minute. The dried thin films were annealed at 110
• C for 30 min. The Al electrode was then deposited onto the active layer by thermal evaporation in vacuum at a pressure around 5 × 10 −6 Torr. The device area was about 0.05 cm 2 . UV-vis-NIR absorption spectra were obtained using an optical spectrometer (Hitachi, U-4100). Time-resolved photoluminescence (TRPL) spectroscopy was performed with a time-correlated single-photon counting (TCSPC) spectrometer (Picoquant, Inc.). A pulse laser (470 nm) with an average power of 1 mW operating at 40 MHz with a duration of 70 ps was used for excitation. Current-voltage measurements (Keithley 2410 source meter) were obtained by using a solar simulator (Newport Inc.) with the AM 1.5 filter under an irradiation intensity of 100 mW cm −2 . The external quantum efficiencies (EQEs) were measured using an Xe lamp in combination with a monochromator (Oriel Inc.) and long pass filters. The film thickness was measured by means of a Veeco M6 surface profiler. Figure 4 shows the optical absorption spectra of pristine P3HT, FeS 2 NCs and P3HT/FeS 2 NC hybrids. The pristine P3HT exhibits a typical absorption spectrum ranged from 400 to 650 nm, whereas the absorption spectrum of FeS 2 NCs is tailored with a cutoff in the near-IR region. Although a strong confinement effect in FeS 2 NCs has been reported, the FeS 2 NCs of about 10 nm in this work only shows a slightly blueshift in the absorption spectrum compared to the bulk material [9] . In addition, no distinct and strong excitonic absorption peak is observed, which is mainly attributed to the presence of structured size distributions of FeS 2 NCs. The optical density of the absorption spectra in the P3HT/FeS 2 NC hybrid is simply the sum of the absorption spectra of the constituent parts. The absorption spectrum of the hybrid film shows a maximum at 550 nm, coincident with the absorption peak of P3HT due to a much larger absorption coefficient of P3HT compared to that of the FeS 2 for λ < 600 nm. For λ > 650 nm, no optical absorption from pristine P3HT is observed. The absorption spectrum of the P3HT/FeS 2 NC hybrid which extended into the near-IR region mainly originated from the photo-excitation of FeS 2 NCs.
Results and discussion
Next, we have performed TRPL spectroscopy to explore the charge separation dynamics at P3HT/FeS 2 NC interfaces. Figure 5(a) shows the corresponding electronic energy levels of P3HT and FeS 2 obtained from the literature [10, 12] . A typical type-II heterojunction is formed at the P3HT/FeS 2 NC interface, which can facilitate the charge separation process after photo-excitation. When the hybrid thin film was illuminated with a wavelength of 470 nm, both P3HT and FeS 2 NCs can be excited. Photogenerated electron-hole pairs can be dissociated from Coulomb attraction at the P3HT/FeS 2 NC interfaces by offering an energetically favorable pathway for the electrons (holes) from the polymer (FeS 2 NCs) to transfer onto FeS 2 NCs (polymer). Figure 5(b) shows the individual PL decay curves of the pristine P3HT and P3HT/FeS 2 NC hybrid thin films, respectively. The PL lifetime τ hybrid (580 ps) for the hybrid thin film is shorter than that of the pristine P3HT thin film τ P3HT (751 ps), suggesting the occurrence of charge separation at the P3HT/FeS 2 NC interfaces. As the FeS 2 NC is added into the polymer, a new relaxation process is present, which provides to the donor a further non-radiative process, leading to the enhancement of the non-radiative decay rate. This leads to a shortening of the measured lifetime and quenching of the PL efficiency. As a result, the PL intensity of the P3HT/FeS 2 NC hybrid is quenched compared to that of the pristine P3HT as shown in figure 5(c) . It is worth mentioning that, although both P3HT and FeS 2 NCs can be excited at a wavelength of 470 nm, it is unable to detect the TRPL and PL signals of the FeS 2 NCs as a result of the intrinsic nature of the indirect semiconductor of the FeS 2 crystal [13] . In addition, due to the large absorption coefficient of P3HT compared to the FeS 2 NCs at wavelengths <600 nm, the charge separation at the interfaces of P3HT/FeS 2 NC hybrids mainly results from charge transfer from P3HT to FeS 2 NCs. Figure 6 (a) plots the current-voltage characteristics of the P3HT/FeS 2 NC hybrid device measured in the dark and under simulated AM 1.5 illumination (100 mW cm −2 ). The photovoltaic performance of the device shows a short circuit current density (J sc ) of 0.85 mA cm −2 , an open circuit voltage (V oc ) of 0.44 V and a fill factor (FF) of 0.42, resulting in a power conversion efficiency (η) of 0.16%, which shows a comparable power conversion efficiency of the device based on P3HT/PbSe NCs [7] . Figure 6 (b) exhibits the external quantum efficiencies (EQEs) of the hybrid device under illumination from 400 to 900 nm. For comparison, the EQE spectrum of the photovoltaic device based on the pristine P3HT is also shown. The device consisting of the pristine P3HT thin film shows an EQE spectrum following its absorption range between 400 and 650 nm. In contrast, the hybrid device consisting of P3HT/FeS 2 NCs shows a photovoltaic response with wavelengths extended up to 900 nm. For λ < 650 nm, both P3HT and FeS 2 NCs can contribute to the optical absorption and photovoltaic response of the hybrid device. The much larger absorption coefficient of P3HT compared to that of the FeS 2 leads to a similar shape of EQE spectra for the pristine P3HT and hybrid devices at this wavelength region. For λ > 650 nm, the photovoltaic response results from the extended red light harvesting of FeS 2 NCs; no contribution of photocurrent from P3HT is found at these wavelengths. Although the absorption spectrum of FeS 2 NCs is tailored up to 1100 nm, no significant photovoltaic response has been observed beyond a wavelength of 900 nm. One possible reason may be attributed to the ineffective electron injection to the Al electrode (workfunction = 4.1 eV) of FeS 2 NCs at longer wavelength excitation.
Conclusion
The above result demonstrates that the adding of FeS 2 NCs in P3HT can contribute to the extended photovoltaic response in the red light region, which can act as a potential candidate for the polymer/inorganic hybrid solar cell application. Further improvement in device performance is under way by removing the insulating surfactant on the FeS 2 NC surface to facilitate the charge separation efficiency at the polymer/FeS 2 NC interfaces [5] .
